Cross-linked poly(N-benzyl-4-vinylpyridinium halide) (designated insoluble BVP) was previously reported to capture bacterial cells alive by contact with them. The corresponding linear polymer poly(N-benzyl-4-vinylpyridinium salt) (designated soluble BVP) was found to exhibit antibacterial activity. This soluble pyridinium-type polymer showed strong antibacterial activity against gram-positive bacteria, whereas it was less active against gram-negative bacteria. The antibacterial activity of this cationic, polymeric disinfectant was considerably greater than that of the corresponding monomeric compound and was approximately equal to that of conventional disinfectants such as benzalkonium chloride and chlorohexidine.
A recent report from this laboratory has demonstrated that cross-linked poly(N-benzyl-4-vinylpyridinium halide) (designated insoluble BVP), an insoluble pyridinium-type resin, captures many bacterial cells alive by contact with them (4) . Of the insoluble pyridinium-type resins examined, insoluble BVP in the bromide form and that in the chloride form showed the greatest ability to capture bacterial cells. The electrostatic interaction between the positive charge of this resin and the negative charge of bacterial cells, as well as the hydrophobic interaction between the resin and the cell surfaces, appears to be important (6) . The presence of a pyridinium group was essential to the affinity of the resin surface for bacterial cells, but hydrophilicity and a high degree of swelling in the water of the resin matrix appeared to enhance the ability of the resin to capture bacterial cells (5) .
Insoluble pyridinium-type resin is a quaternary ammonium salt that possesses a positive charge on the surface. Quaternary ammonium salts are widely used as effective antibacterial agents. Their common features are the possession of positive charge and hydrophobicity (7) . The method of the lethal action of these cationic disinfectants can be summarized as follows (2) : (i) adsorption onto the bacterial cell surface, (ii) diffusion through the cell wall, (iii) binding to the cytoplasmic membrane, (iv) disruption of the cytoplasmic membrane, (v) release of K+ ion and other cytoplasmic constituents, and (vi) precipitation of cell contents and death of the cell. In interactions between the surfaces of bacterial cells and such positively charged insoluble materials as the insoluble pyridinium-type resin, the sequence of interaction would halt at the stage of adsorption, because insoluble resin is unable to penetrate the cell wall. In such cases, living bacterial cells would be captured on the surface of the resin. This mechanism can explain the capturing phenomenon observed between insoluble pyridinium-type resin and bacterial cells.
Insoluble pyridinium-type resin showed an exceedingly strong ability to capture bacterial cells when compared with those of conventional anion-exchange resins and other positively charged polymeric materials (4) . Therefore, a strong adsorptive interaction can be expected between bacterial cells and a relevant soluble polymer of the insoluble pyridi-* Corresponding author. nium-type resin. For this reason, strong antibacterial activity is anticipated for linear poly(N-benzyl-4-vinylpyridinium salt) (designated soluble BVP), which is the corresponding soluble species of insoluble BVP. These considerations prompted us to investigate the antibacterial activity of soluble pyridinium-type polymers.
MATERIALS AND METHODS
Soluble pyridinium-type polymers. A commercial product of 4-vinylpyridine was purified by distillation under reduced pressure. Polymerizations were carried out in a 500-ml three-necked round-bottom flask equipped with a mechanical stirrer, a nitrogen inlet, and a reflux condenser. A total of 60 g (0.57 mol) of 4-vinylpyridine was mixed with 140 g of ethanol, and an appropriate amount of 2,2'-azobisisobutyronitrile was added to the mixture. The mixture was stirred gently under a nitrogen atmosphere, and the temperature was raised to 80 to 90°C. After 6 h, poly-4-vinylpyridine was isolated by pouring the solution into 2 liters of deionized water. Precipitated poly-4-vinylpyridine was isolated by filtration and dried. The poly-4-vinylpyridine thus obtained was purified by repeated dissolution in methanol, followed by reprecipitation into deionized water and drying. The degree of polymerization of poly-4-vinylpyridine was controlled by changing the amount of added 2,2'-azobisisobutyronitrile, an initiator of polymerization. The molecular weight of poly-4-vinylpyridine was calculated on the basis of the intrinsic viscosity, as determined in an ethanol solution (1) .
Soluble BVP in the chloride form, that in the bromide form, and poly(N-butyl-4-vinylpyridinium bromide) were prepared by quaternization of poly-4-vinylpyridine as follows. A solution of poly-4-vinylpyridine (2.0 g) in 30 ml of dimethylformamide was placed in a 200-ml flask equipped with a reflux condenser and a mechanical stirrer, and an equimolar amount of the corresponding organic halide was added to the solution. The mixture was allowed to react at 90°C for 4 h while it was stirred. After the reaction, the mixture was poured into 500 ml of ethyl acetate to precipitate the soluble pyridinium-type polymer, which was isolated by filtration. After being dried to constant weight under vacuum, the soluble pyridinium-type polymer was immediately dissolved in water because of its hygroscopic nature. The content of the pyridinium group of the soluble pyridi- Inactivation. All inactivation procedures were carried out under aseptic conditions in sterilized physiological saline. Experiments were performed with a glass tube (28 by 100 mm) that was connected with a stopper made of silicone rubber, a tube for sampling, and a mechanical stirrer that was made by remodeling a hypodermic syringe, as reported previously (4) . In the glass tube was placed 40 ml of bacterial suspension containing a prescribed amount of soluble pyridinium-type polymer. The mixture was stirred at 300 rpm at 30°C. A change of pH in the cell suspensions was not observed during the treatment. The addition of soluble pyridinium-type polymers did not cause a change in the pH. After a prescribed time, 0.5-ml portions of the treated cell suspensions were removed and quickly mixed with 4.5 ml of sterilized physiological saline, and then decimal serial dilutions were prepared from this by taking 0.5 ml into 4.5 ml of sterilized physiological saline and mixing. From these dilutions, the surviving bacteria were counted on nutrient media by the spread-plate method. After inoculation, the plates were incubated at 37°C, and the colonies were counted after 24 h, except for the case of E. coli, whose colonies were counted after 42 h. The counting was done in quintuplicate every time.
RESULTS AND DISCUSSION
Inactivation of various bacteria by soluble pyridiniumtype polymers was carried out at 30°C in sterilized physiological saline. Polymers I, II, III and IV were soluble BVP in the bromide form and had different molecular weights. The decrease in numbers of viable cells of E. coli caused by the addition of these four types of soluble BVP is given in Table  2 (runs 1 to 4). The antibacterial activity was slightly dependent on the molecular weight of the soluble BVP, and the activity of polymer II was greatest among the four polymers examined.
We also examined the effect of the chemical structure of the soluble pyridinium-type polymer on the antibacterial activity. Results are also given in Table 2 (runs 5 to 8). Here, four types of soluble pyridinium-type polymers with a degree of polymerization of 560 were used. In this case, the molar concentration of the pyridinium group was adjusted so that it was equal to that used in the experiments of runs 1 to 4 ( Table 2) . (4) . Poly(Nalkyl-4-vinylpyridinium bromide), with an alkyl group that is larger than a hexyl group, was difficult to dissolve in water, probably because of the high hydrophobicity of the long alkyl chain.
These observations suggest that there is a shared characteristic between the antibacterial activity of soluble BVP and the ability of insoluble BVP to capture bacterial cells. The strong affinity of these soluble and insoluble pyridinium-type polymers for bacterial cells seems to be an essential and common factor in these two phenomena. The positive charge of these polymers, the high hydrophilicity of the pyridinium group, and the appropriately controlled hydrophobicity of the benzyl group also appear to play important roles.
The effect of the concentration of soluble BVP in the bromide form (polymer II) on the decrease in the numbers of viable cells of E. coli is also given in Table 2 (runs 9 to 12). The addition of 0.5 mg (,ug) of soluble BVP per liter (ml) killed 90% of the bacteria within 5 min (Table 2 , run 10).
For comparison, inactivation of E. coli by several relevant low-molecular-weight compounds was examined. The course of decrease of viable cells is given in Table 3 .
Comparison of run 13 with runs 1 to 4 of Table 2 indicated that the antibacterial activity of soluble BVP in the bromide form is much greater than that of N-benzyl-4-ethylpyridinium bromide, a corresponding monomeric compound of soluble BVP in the bromide form. The polymeric form of soluble BVP appears to have significant antibacterial activity. A similar polymer effect has been reported for the antibacterial activity of polycations with pendant biguanide groups (3) .
The antibacterial activity of soluble BVP against E. coli ( Table 2 , runs 1 to 4) was approximately equal to that of conventional disinfectants, such as benzalkonium chloride (Table 3 , run 14) and chlorohexidine used as a salt with gluconic acid (Table 3 , run 16), and was much stronger than that of phenol (Table 3 , run 15).
The antibacterial activities of soluble BVP in the bromide form (polymer II) and of soluble BVP in the nitrate form (polymer VI) against several gram-positive bacteria are given in Table 4 . This class of bacteria appeared to be sensitive to these soluble BVPs. Table 5 shows the antibacterial activities of soluble BVP in the bromide form (polymer II) and of soluble BVP in the nitrate form (polymer VI) against several gram-negative bacteria, in addition to E. coli. K. pneumoniae was sensitive to polymer II (Table 5 , run 27). On the other hand, P. aeruginosa showed strong resistance to polymer II (Table 5 , run 29) and polymer VI (Table 5 , run 30). Therefore, inactivation of gram-negative bacteria by soluble BVP did not always appear to be reliable.
The course of inactivation given in Tables 2 to 5 shows a slowing of the inactivation rates and in some cases the stopping of inactivation as inactivation proceeded. This tendency was not limited to the cases of inactivation with soluble pyridinium-type polymers; it was also observed in the cases of inactivation with conventional disinfectants. A possible explanation for this tendency is as follows. As was mentioned above, the first step of lethal action of cationic disinfectants is considered to be adsorption onto the bacte- rial cell surface (2) . With respect to this step, the rate of inactivation would be proportional to the concentration of disinfectant as well as that of viable bacterial cells. If the cationic disinfectant were consumed by adsorption onto bacterial cells, the concentration of the disinfectant and that of the viable bacterial cells would decrease as inactivation proceeds, which would result in a decrease in the rate of inactivation. Attempts were made to evaluate the antibacterial activity of soluble BVP by a conventional spread-plate method. The MIC of soluble BVP in the bromide form against Staphylococcus aureus, Bacillus subtilis, P. aeruginosa, and E. coli was larger than 1,000 mg/liter (,ug/ml). Soluble BVP did not display an ability for complete inactivation under the experimental conditions. Soluble BVP is a polycation and has a strong tendency to interact with some constituents of media that are used to culture bacteria. Soluble BVP strongly interacts with the negatively charged substrates that are present in the culture media and produces complexes. Such complex formation may lead to inactivation of the antibacterial activity of soluble BVP. A similar observation has been reported in inactivation by polycations with pendant biguanide groups (3). To eliminate interference by constituents in the growth media, evaluation of the antibacterial activity of soluble pyridinium-type polymers should be performed in the absence of a negatively charged substrate that produces complexes with soluble BVP. This observation indicates that there are limitations to the use of soluble BVP as an antibacterial agent. Soluble BVP should be used after other pollutants are removed from the water by appropriate physical or chemical methods.
